Purpose-In pediatric cancer survivors treated with whole-brain irradiation (WBI), long-term cognitive deficits and morbidity develop that are poorly understood and for which there is no treatment. We describe similar cognitive defects in juvenile WBI rats and correlate them with alterations in diffusion tensor imaging and magnetic resonance spectroscopy (MRS) during brain development.
Introduction
Whole-brain irradiation (WBI) for children with cancer leads to profound lifelong morbidity and early death (1), including endocrinopathies (2), cerebrovascular disease (3), and advanced brain aging (4) , leading to progressive declines in IQ (5-7), decreased academic achievement (8) , reduced earning potential, and poorer quality of life (9) , Because approximately one-quarter of all pediatric patients who have received cranial irradiation now survive, assessing radiation-induced damage to the developing brain is critical for treatment and planning strategies (10) . Known risk factors include age at treatment (1, 11, 12) and radiation dose (6) . Conformal radiation treatment planning (13, 14) and particle radiation therapy (15) may reduce the total hippocampal dose but are of limited value where extensive areas of the brain have to be treated (16) .
Animal models demonstrate several potential mechanisms of injury after WBI, including cerebrovasculature injury (17, 18) , loss of neuronal progenitors (19, 20) , white matter injury (21, 22) , and persistent inflammation (23) . Responses evolve over time, with most serious symptoms being expressed during the subacute and late phases, which may have different pathologic mechanisms (23) ; the latter are considered irreversible. Little is known about how the developing brain responds to clinical fractionated WBI, with most data coming from animal models using adults and single dose fractions, which may mislead (24, 25) . In this study we follow imaging and cognitive subacute and late responses in the developing brains of juvenile rats to a clinically relevant course of fractionated WBI similar to what is used to treat children with high-risk medulloblastoma.
Methods and Materials
All studies were approved by the Institutional Animal Care and Use Committee and performed in accordance with federal National Institutes of Health guidelines. An experimental schema is presented in Figure 1 . Twenty-eight-day-old male Fischer rats (Harlan Laboratories, Indianapolis, IN) received sham WBI (0 Gy) or received either 27 Gy in 9 daily fractions of 3 Gy, which is bioeffective with 34 Gy in 1.8-Gy clinical fractions (linear-quadratic model, α/β = 3 Gy) (26, 27) , or 34 Gy, where the last 3-Gy fraction was replaced with a 10-Gy boost. Animals were anesthetized with ketamine and zylazine (intraperitoneally) and positioned laterally on a platform shielded with a Cerrobend (Radiation Products Design, Inc, Albertville, MN) jig exposing the cranium. Radiation was delivered using a Gulmay RS320 x-ray unit (Gulmay Medical, Surrey, UK) with the following parameters: 1.5-mm copper and 3-mm aluminum filters, 300 kV at 10 mA, dose rate of 1.173 Gy/min, and focus to skin distance of 42.3 cm. To avoid radiation injury to the oral mucosa, radiation was delivered laterally across the brain. To account for any drop-off in radiation dose over the width of the entire brain, the daily dose was delivered using 2 beams, 1 entering the right hemisphere and 1 entering the left hemisphere. This was accomplished by first positioning the animal with the right hemisphere toward the source. After delivery of half of the daily dose, the animals were turned over with the left hemisphere toward the source for delivery of the second half of the daily radiation dose. Thus any difference in dose from the point of entry of one side of the brain to the opposite was balanced daily. This radiobiological technique was used to equalize the dose across the entire volume of the target organ. Weekly dosimetry used both film (Gafchromic EBT2; International Specialty Products, Wayne, NJ) and a Harshaw TLD-100H (lithium fluoridemagnesium, copper, phosphorus, (Thermo Fisher Scientific, Waltham, MA)). calibrated dosimeter.
Magnetic resonance imaging (MRI) used a 7-Tesla field (Bruker BioSpin, Billerica, MA; 116-mm inner diameter; maximum gradient strength of 400 mT/m) and interfaced with a 300-MHz resonant frequency digital spectrometer. Signal excitation and reception used a cross-coil system with a 7-cm-inner diameter linear birdcage and surface coils, respectively. Animals were anesthetized with isoflurane and stabilized with tooth holder and ear clamps with continuous monitoring of respiratory rate and body temperature. Diffusion tensor imaging (DTI)-echo planar imaging data were acquired with the following parameters: repetition time, 6250 ms; echo time, 23 ms; 1 echo; echo spacing, 0.5 ms; flip angle, 90°; bandwidth, 246,914 Hz; and slice thickness, 0.75 mm using a nominal b value of 700. Fractional anisotropy (FA) maps were constructed using FSL software (FMRIB Software Library v5.0, Oxford, UK). By use of the axial slice closest to bregma −4.0, a 16 × 8-pixel region of interest (ROI) was centered on the identifiable corpus callosum and pixels with an FA value >0.5 were defined for analysis ( Fig. 2A) . Proton magnetic resonance spectroscopy (MRS) data were obtained from a 3 × 6 × 2-mm 3 voxel overlying the corpus callosum and a 3 × 3 × 3-mm 3 voxel overlying the right hippocampus using 2 double spin echo pointresolved spectroscopy sequences, one with water suppression and one without (echo time, 20 ms; repetition time, 2500 ms; 324 averages). Second-order shimming was achieved using the fast, automatic shimming technique by mapping along projections (FASTMAP) technique. MRS data curve fitting and quantitation of metabolite levels were performed by use of LCModel software (S. Provencher, Oakville, Ontario, Canada), and spectra were rejected if the full width at half maximum was >0.1 ppm or the signal-to-noise ratio was <6 -objective measures of data quality automatically reported by the processing software-or if a data shift along the ppm axis was >2 SDs of the remaining scans (−0.87 < ppm shift < 0.053). Finally, outliers of the 7 predetermined metabolites defined as > or <2 SDs were excluded. The metabolite levels quantified were as follows: total creatine (creatine + phosphocreatine); glutamine; glutamate; total choline (choline + phosphocholine); total NAA (N-acetylaspartate + N-acetylaspartylglutamate); total lactate (lactate + lipids 13a + lipids 13b); and myoinositol. The rationale for normalizing metabolite levels to their respective time and ROI levels was to obtain the most robust markers. In contrast to absolute quantitation, the impact of changes in the water content and of metabolite relaxation times on metabolite ratios is small. To show potential differences over development, the 3-and 6-month ratios were further normalized to their baseline values.
The investigators were blinded with respect to treatment group for behavioral tests, MRS, and FA measurements and analysis. For lateralized reaction time tests, animals were maintained on caloric restriction (85% of 3-month baseline) beginning 2 months after WBI (28) . Open field exploration (OFE) used a circular enclosure 120 cm in diameter with 48cm plain white plastic walls. Animals were allowed to freely explore the empty enclosure for 10 min/d for 2 days at 4 months after WBI and for 1 day at 7 months. Total distance and percent of time in the center were analyzed using TopScan analysis software (CleverSys, Reston, VA) and expressed in arbitrary units. Novel object recognition (NOR) was tested on 2 days after OFE in the same arena (29) . Two identical objects were placed on opposite sides of the enclosure 10 cm from the wall. On day 1, animals underwent three 5-minute exploratory trials separated by 5-minute intervals. After 24 hours, one of the objects was replaced with a novel object, and the animal was allowed to explore for 5 minutes. The time of active exploration of each object was measured manually with stopwatches by an observer blinded to the treatment. A novel object preference ratio (Time exploring novel object − Time exploring familiar object)/(Time exploring novel object + Time exploring familiar object) was used for analysis. Testing with the elevated plus maze (EPM) was performed at 4 months after WBI and not repeated at 7 months because it relies on the novelty of the apparatus for maximal effect. Rats were placed in the center of a plus-shaped maze elevated 4 ft from the floor and allowed to freely explore for 5 minutes. Time spent in the open arms was measured with stopwatches.
The primary outcome measure for this study was the NOR task. Detecting an effect size of 0.25 among 3 groups using a repeated-measures (2 time points) analysis of variance (ANOVA) within-between interactions assuming a correlation of 0.5 and a nonsphericity correction of 1 indicated a total group size of 42. Adding 15% for attrition yielded a total of 48 animals, or 16 per group. Statistical analyses were carried out using SPSS statistical software (version 22; IBM, Armonk, NY) or Prism 6.0 (GraphPad Software, La Jolla, CA).
ANOVA was first used to analyze all groups compared with pre-WBI values. If any F statistic was significant to P<.05, a post hoc Student t test was performed. Differences between baseline values were considered significant at P<.05, adjusted for multiple comparisons using the Dunnett test. All measurements are reported as means ± 1 SEM unless otherwise specified.
Results
Mean weight of animals at 28 days of age was similar for all groups. However, irradiated animals weighed less than sham animals by 6 months after WBI (0 Gy, 355 ± 7 g; 27 Gy, 325 ± 6 g; 34 Gy, 309 ± 6 g; F 2,43 = 12.66, P<.0001).
MRI showed no gross abnormalities up to 6 months after WBI in all animals. At 6 months, the areas of corpus callosum defined as ROIs consisting of pixels with FA values >0.5 at bregma −4.0 were similar between 0 Gy (1.80 ± 0.05 mm 2 ) and 34 Gy (1.83 ± 0.03 mm 2 ) (P= .64). The mean FA value of the corpus callosum increased in the sham-irradiated group over time (P= .001 at 3 months and P<.0001 at 6 months; Fig. 2B ) and this was not affected by WBI up to the subacute phase (3 months after WBI); however, thereafter, there was no further increase so that mean FA in the 34-Gy group was significantly lower than that in sham controls at 6 months (P = .01), suggesting late white matter injury.
The metabolite-creatine ratios measured in both the corpus callosum and right hippocampus are presented in Table 1 . In the hippocampus, only the choline and glutamate ratios increased with age, whereas in the corpus callosum, most metabolite ratios did so. Figure 3 shows representative magnetic resonance spectra obtained from the corpus callosum. Interestingly, WBI did not affect measures in the hippocampus, whereas there were many changes in the corpus callosum (Fig. 4) . By 6 months, glutamine-creatine ratios had increased dramatically with age (baseline vs 0 Gy, P= .0066; Fig. 4A ) but this increase was not observed in either irradiated group. In contrast, increases in glutamate, glutamine, and total NAA (N-acetylaspartate + N-acetylaspartylglutamate) were delayed at 3 months after high, but not more clinically relevant, doses of WBI. There were no significant time-or dose-related changes in either lactate or myoinositol ratios.
Given the increased prevalence of attention-deficit disorder in brain tumor survivors, we assessed performance of sustained, divided attention using lateralized reaction time tests. Unfortunately, the variance within the groups was unexpectedly high and this resulted in no significant differences (data not shown); the test was abandoned. The results of the other behavioral tests are presented in Table 2 and Figure 5 . In OFE assessment during the subacute period at 4 months, all groups were similarly active on day 1. However, on day 2, when sham-irradiated controls showed the expected reduction in exploratory activity (P = . 02), animals receiving either 27-Gy or 34-Gy WBI failed to habituate (P= .778 and P= .294, respectively; Fig. 5A ). By 7 months, all groups showed a similar decrease in day 1 exploratory behavior (P<.0001; Fig. 5B ), possibly reflecting the effect of repeated exposures to the arena in all groups. They also showed more anxiety-like behavior in the EPM test, spending less time in the open arms relative to controls (P= .002 for 27 Gy and P= .02 for 34
Gy; Fig. 5C ).
NOR was initially performed with plastic object pairs; however, control animals failed to show a significant preference for the novel object (F 1,14 = 1.064, P= .320), but glass object pairs were effective (F 1,14 = 23.350, P<.0001). This subsequent exclusion of plastic object trials underpowered the control sample size, but because the sham-irradiated controls from the 4-and 7-month tests showed equivalent high-level NOR, indicating no effect of time on performance (preference ratios of 0.623 ± 0.054 at 4-month test and 0.559 ± 0.078 at 7 months; P = .69, t test), data were pooled for comparisons. At 4 months, both the 27-Gy and 34-Gy groups showed similar NOR preference to controls (P = .826 and P = .807, respectively; Fig. 5D ), but by 7 months, NOR was impaired at both doses (P = .021 and P=.
021, respectively). An overall ANOVA with the pooled sham controls and the 2 irradiated groups for the 4-and 7-month time points indicated an overall main effect (F 4,42 = 2.670, P=.047). We explored the possibility that we failed to detect a difference at the 4-month time point because of a lack of power associated with the smaller sample size. The power required to detect a difference of similar magnitude to that observed at 7 months (observed effect sizes of 1.1 for 27 Gy and 1.2 for 34 Gy) was estimated by a post hoc power calculation with the lowest sample size (ie, 20). A 1-way ANOVA with N = 20 divided into 5 groups has a power of 0.88 to detect an effect of 1 with an α error of .05. Although these data do not exclude some degree of NOR impairment at 4 months, one as large as that seen at 7 months is highly unlikely.
Discussion
We report imaging and cognitive effects of WBI in the developing brains of juvenile rats during the subacute and late periods after WBI using a clinically relevant dose and a higher dose of fractionated irradiation. FA levels in the corpus callosum of sham-irradiated rats increased over the study period, consistent with normal white matter development, and WBI did not affect this up to at least 3 months. However, the later increase was blunted after highdose WBI (34 Gy). In children and adults who survive radiation therapy for brain cancer, decreases in FA in white matter have been reported (30, 31) . In rats, other authors have variably shown a decrease in FA in the corpus callosum 1 year after large single WBI doses (32) or no change after fractionated irradiation with larger bioequivalent doses than we used (33, 34) . Further work is needed using clinically relevant doses at later time points and including other diffusion tensor imaging parameters, such as mean diffusivity, and areas other than the corpus callosum, such as the fimbria, that have been implicated in hippocampal impairment (35) before the value of MRI in imaging white matter changes can be fully evaluated.
MRS, on the other hand, has been shown to demonstrate metabolic alterations associated with brain injury before structural changes have emerged (36) . We investigated changes in the metabolic profiles in both the hippocampus and corpus callosum of juvenile rats after WBI. The hippocampus showed no changes that could be attributed to irradiation, which is consistent with the findings of Robbins et al (37) in adult rats. In contrast, the corpus callosum showed significant WBI-associated alterations in metabolic profiles. Developmental changes were observed with most metabolites that were either delayed or completely prevented by high-dose WBI. Most noteworthy was the blunting of the increase in the glutamine ratios late after both clinically relevant and high radiation doses-the time when NOR is impaired. Glutamine, the most abundant amino acid in the cerebrospinal fluid, is synthesized by astrocytes and is generally reported in combination with glutamate because of their interdependency in neuronal-glial interactions. In contrast, glutamate is primarily synthesized by neurons and metabolized to glutamine by astrocytes (38) . Disruption of glutamine synthesis has been associated with viral-induced astrocytic gliosis that may lead to neuronal dysfunction and may serve as a marker of clinically significant injury (39) .
Prefrontal lobe dysfunction after WBI is suggested by reports of an increased incidence of attention-deficit disorder and impairment in both executive function and working memory after childhood radiation therapy for cancer (40, 41) . Because this can impair school learning, it has been postulated that addressing prefrontal dysfunction may improve overall outcome and radiation-induced loss in IQ (42, 43) . Our study showed that both WBI doses caused decreased exploratory behavior in the EPM test and prevented habituation in OFE at 4 months by rats, which is suggestive of early-onset prefrontal dysfunction. NOR, on the other hand, is most often used to measure hippocampal-independent working memory; however, in our test, with a 24-hour interval, it is hippocampal dependent (44) . Our demonstration that NOR is not affected 4 months after WBI but is dramatically impaired at the late time point may be the first demonstration of hippocampal-dependent declarative non-spatial memory deficit following clinically relevant fractionated juvenile WBI. Several studies have shown impairment in this task using short intersession delays, but these more likely reflect prefrontal dysfunction than longterm memory impairment (37, (45) (46) (47) (48) . A limitation of our observation that NOR is normal at 4 months after WBI is the small number of animals, as described in the Results section. However, a post hoc power calculation indicated that any difference in the subacute phase is likely to be much less than that observed in the late phase. Throughout, our studies point to the conclusion that subacute deficits in the developing brain after WBI are markedly less than those during the late phase, which is perhaps surprising.
In summary, we report imaging and behavioral outcomes of clinically relevant fractionated WBI in the prepubescent male rat that are consistent with observations in survivors of pediatric cancer treated in a similar manner. We further show that prefrontal dysfunction may antecede long-term memory impairment but may not necessarily be related to long-term cognitive dysfunction. The finding that WBI interferes with the normal increase of glutamine concentration in the corpus callosum suggests that injury to this structure may contribute to defects in hippocampal-dependent declarative memory, as has been suggested in the cortical-hippocampal system (49). Finally, these observations may serve as a suitable preclinical platform to link clinically relevant outcomes and histologic pathogenesis, as well as to evaluate radiation mitigation strategies.
Summary
Few animal models of whole-brain irradiation take into account young age and dose fractionation. We present both imaging and behavioral data after clinically relevant fractionated whole-brain irradiation in juvenile rats pathomimetic to those observed in survivors of pediatric brain tumors including development of early prefrontal dysfunction and late memory deficits that correlate with developmental imaging abnormalities. Experimental schema. Twenty-eight-day-old male. Fischer rats were irradiated over a period of 12 days. Baseline studies before irradiation included magnetic resonance imaging and spectroscopy. Imaging was repeated at 3 and 6 mo after irradiation. Behavioral testing was performed at 4 and 7 mo after irradiation. (A-F) Proton magnetic resonance spectroscopy metabolite-creatine ratios from corpus callosum plotted relative to baseline values for animals receiving 0 Gy (circles), 27 Gy (squares), and 34 Gy (triangles). *P<.05, **P<.01, ***P<.001, ****P<.0001. Table 1 Mean (SEM) metabolite-creatine ratios 
